Introduction
============

The Notch pathway mediates cell contact--dependent signaling. Notch signaling is initiated by the binding of transmembrane proteins (receptor and ligand) expressed by adjacent cells ([@bib94]). Upon ligand binding, the Notch receptor becomes susceptible to two consecutive proteolytic cleavages. The first is mediated by TNF-converting enzyme ([@bib12]; [@bib61]) and generates a cleaved transmembrane form of the Notch receptor, which then serves as a substrate for the γ-secretase complex, to release the intracellular domain of Notch by intramembrane regulated proteolysis ([@bib21]). The intracellular domain of Notch translocates to the nucleus and binds nuclear effectors to regulate transcription ([@bib67]). Notch plays fundamental roles in development and adult tissue homeostasis, and its deregulation contributes to cancer progression ([@bib23]). Activated Notch signaling in cancer promotes cell invasion ([@bib74]; [@bib15]) and metastasis ([@bib75]; [@bib99]) by mechanisms that are not fully understood. In both normal and pathological contexts, the Notch pathway is pleiotropic, and the output of Notch signaling is often determined by the cross talk with other signaling pathways ([@bib28]).

Notch signaling is activated by hypoxia ([@bib29]). Physiological hypoxia regulates embryonic development, modulates stem cell biology, and promotes angiogenesis ([@bib38]). Pathological hypoxia is common within solid malignant tumors ([@bib34]; [@bib87]) and promotes malignant progression ([@bib100]; [@bib11]; [@bib35]). The hypoxia-inducible factor 1α (HIF-1α) regulates the cellular response to hypoxia ([@bib90]). During mouse development, HIF-1α regulates morphogenic processes involving cell migration and remodeling of the extracellular matrix, including formation of the placenta ([@bib2]), heart ([@bib40]), neural crest cell migration ([@bib19]), chondrogenesis, and bone formation ([@bib5]; [@bib68]). During pathological hypoxia, HIF-1α regulates malignant tumor growth ([@bib56]; [@bib41]), angiogenesis ([@bib57]; [@bib56]), and metastasis ([@bib33]; [@bib49]). The interplay between Notch, hypoxia, and HIF-1α in these contexts is only beginning to be addressed.

The heparin-binding EGF-like growth factor (HB-EGF; [@bib31]) activates ErbB1, also known as EGF receptor (EGFR), and ErbB4 by both juxtacrine and paracrine mechanisms. HB-EGF is synthesized as a membrane-anchored growth factor (pro-HB-EGF), which mediates juxtacrine signaling by binding to the receptor in neighboring cells ([@bib32]). In addition, protein ectodomain shedding of pro-HB-EGF by metalloproteases releases a soluble form of HB-EGF capable of activating the EGFR in a paracrine fashion ([@bib27]). HB-EGF potentiates tumor growth and angiogenesis ([@bib60]; [@bib65]) by mechanisms that are not fully understood. ADAM12, a member of the a disintegrin and metalloprotease (ADAM) family of proteases is a sheddase for pro-HB-EGF ([@bib6]). The ADAM12 metalloprotease is involved in myogenesis and adipogenesis in mice ([@bib42]), and its overexpression promotes orthotopic tumor growth in mice ([@bib71]). ADAM12 expression is elevated in breast cancer and metastatic lymph nodes, bladder cancer, and lung carcinoma ([@bib25]; [@bib69]; [@bib58]; [@bib71]). The molecular mechanisms by which ADAM12 mediates these effects in cancer progression, including its role in cell invasion, are poorly understood.

Cell migration and invasion are fundamental for the patterning of the embryo as well as for immune surveillance and angiogenesis in the adult. Neural crest cells, macrophages, and vascular smooth muscle cells are examples of cell types implicated in these processes. All these cell types share the ability to form podosomes ([@bib51]; [@bib13]; [@bib63]), specialized regions of the plasma membrane containing adhesive and proteolytic enzymes that help cells to coordinate adhesion, migration, and pericellular proteolysis. Cancer cells form very similar structures termed invadopodia, which are associated with an invasive phenotype ([@bib54]; [@bib16]). Acquisition of invasive ability allows cancer cells to spread into surrounding tissues causing local invasion and also facilitates their spreading into distant organs to form metastasis. Both invasion and metastasis are hallmarks of cancer ([@bib30]). Abrogating the ability of human cancer cells to form invadopodia greatly limits their migratory and/or invasive abilities ([@bib77]; [@bib18]), further indicating that these structures are important mediators of cancer cell invasiveness. The mechanisms that control invadopodia formation in the context of Actin polymerization and dynamics and the role of Actin-binding proteins have been extensively studied, and very important progress has been made ([@bib92]; [@bib50]; [@bib62]; [@bib10]). However, many of the upstream signals that regulate invadopodia (and podosome) formation and activity remain unknown. A better understanding of these regulatory pathways should greatly impact our knowledge of physiological and pathological cell invasion.

Here, we seek to investigate the regulation of cellular invasion by contact-dependent cellular signaling. We use cancer cells under hypoxia to understand how Notch signaling regulates cell invasion and describe a novel signaling pathway involving hypoxia, Notch, ADAM12, and HB-EGF that promotes invasiveness.

Results
=======

Hypoxia potentiates the formation of functional invadopodia in epithelial tumor cells
-------------------------------------------------------------------------------------

Invadopodia formation is potentiated by hypoxia in the fibrosarcoma line HT-1080 ([@bib52]). To elucidate how general this cellular response is, we analyzed the formation of invadopodia under hypoxia in different cancer cell lines including SCC61 (head and neck), H1792 and H23 (lung), and BxPC3, PANC-1, and SU.86.86 (pancreas). We subjected SCC61 cells to different levels of hypoxia ranging from 0.5 to 3% O~2~ for 16 h and analyzed the effect on the formation of invadopodia, which appear as small F-actin--rich dots ([Fig. 1 D](#fig1){ref-type="fig"}). Approximately 50% more cells formed invadopodia in all the hypoxic conditions tested, and the effect was reverted after 4 h of reoxygenation for cells growing under the less hypoxic conditions ([Fig. 1 A](#fig1){ref-type="fig"}). This indicated that maintenance of the hypoxic conditions is critical for the response. Because the different hypoxic conditions had a similar effect, we used 1% O~2~ concentration, commonly used in vitro to model hypoxia, in this study.

![**Invadopodia formation is increased by hypoxia in human epithelial cancer cells.** (A) Cells forming invadopodia after 16 h at normoxia (N) or the indicated O~2~ concentrations followed or not followed by 4 h of reoxygenation, *n* = 2. \*, P \< 0.01. (B) Cells forming invadopodia after hypoxia (1% O~2~) for the indicated times or normoxia for 16 h, *n* = 3. \*, P \< 0.01; \*\*, P \< 0.001. HIF-1α protein levels upon treatment are shown. (C) Cells forming invadopodia after 16 h in normoxia or 1% O~2~, *n* = 3. \*, P \< 0.001. (D) Cells stained for F-actin after treatment. Arrowheads, F-actin at invadopodia. (E) Invadopodia activity (degradation of labeled gelatin) after 16 h in normoxia or 1% O~2~, *n* = 3. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.005. (F) Representative images of invadopodia activity of cells plated on gelatin (green) for 16 h in normoxia or 1% O~2~. Nuclei, blue. Graphs show means ± SEM. Bars, 10 µm.](JCB_201209151_Fig1){#fig1}

Increased invadopodia formation by hypoxia in SCC61 and H1792 cells was not observed before 4 h, peaked at 8 h, and remained stable for ≤16 h in 1% O~2~ ([Fig. 1 B](#fig1){ref-type="fig"}). The protein levels of the HIF-1α, a mediator of the cellular response to hypoxia, were already fully stabilized after 4 h in hypoxia ([Fig. 1 B](#fig1){ref-type="fig"}), but longer times were necessary to increase the number of cells forming invadopodia, suggesting a requirement for additional signaling events after HIF-1α stabilization. The observation that reoxygenation reverted the effect on invadopodia formation, and the fact that HIF-1α was still stabilized after 16 h in hypoxia ([Fig. 1 B](#fig1){ref-type="fig"}) further suggests that stabilized HIF-1α was necessary to increase invadopodia in these cells. BxPC3, H23, PANC-1, and SU.86.86 cells responded to hypoxia in a similar manner ([Fig. 1, C and D](#fig1){ref-type="fig"}; and [Fig. S1, A, C, and D](http://www.jcb.org/cgi/content/full/jcb.201209151/DC1){#supp1}). Invadopodia induced by hypoxia were fully active as indicated by the increased ability of BxPC3, SCC61, and H1792 cells to focally degrade a layer of fluorescently labeled gelatin ([Fig. 1, E and F](#fig1){ref-type="fig"}; Fig. S1 B; and see [Fig. 4 B](#fig4){ref-type="fig"}).

HIF-1α is necessary for hypoxia-induced invadopodia formation
-------------------------------------------------------------

To assess the role of HIF-1α in hypoxia-induced invadopodia formation, we analyzed the ability of different cell lines to form invadopodia in hypoxia after transient transfection of two HIF-1α--specific siRNAs. Both oligonucleotides (oligos) efficiently blocked the accumulation of HIF-1α in hypoxia when compared with a nontargeting control as analyzed by immunoblotting ([Fig. 2 A](#fig2){ref-type="fig"}). Furthermore, the levels of the HIF-1α target gene *GLUT-1* ([@bib14]) did not increase in hypoxia when cells were transfected with either HIF-1α siRNA ([Fig. S2 B](http://www.jcb.org/cgi/content/full/jcb.201209151/DC1){#supp2}). Hypoxia no longer increased invadopodia formation after HIF-1α knockdown in BxPC3 cells ([Fig. 2, A and C](#fig2){ref-type="fig"}) and SCC61 cells (Fig. S2 A), although its knockdown did not affect the ability of the cells to form invadopodia in normoxia, in agreement with the specific role of HIF-1α in hypoxia. The HIF-1α inhibitor Echinomycin had a similar effect in hypoxia and a small but significant effect in normoxia (Fig. S2 C), perhaps by affecting additional targets. The increased ability of BxPC3 cells to degrade gelatin under hypoxia was also inhibited by silencing of HIF-1α ([Fig. 2, B and C](#fig2){ref-type="fig"}). These findings indicate a novel function for the HIF-1α transcription factor in promoting invadopodia formation in hypoxia.

![**Hypoxia-induced invadopodia formation requires HIF-1α.** (A, left) Cells forming invadopodia in normoxia (N) or 1% O~2~ (16 h) after transfection with control (C) or HIF-1α siRNAs, *n* = 3. \*, P \< 0.01; \*\*, P \< 0.05. (right) HIF-1α protein levels after siRNA transfection. (B) Invadopodia activity (degradation) of cells after siRNA treatments and 16 h in normoxia or 1% O~2~, *n* = 2. \*, P \< 0.05; \*\*, P \< 0.005. (C) Images from the experiment in A and B. Cells show F-actin at invadopodia (top) and were plated on fluorescent gelatin (bottom) to detect degradation. Graphs show means ± SEM. Bars, 18 µm.](JCB_201209151_Fig2){#fig2}

Active Notch signaling mediates the increase in invadopodia formation in hypoxia
--------------------------------------------------------------------------------

Hypoxia activates the Notch signaling pathway ([@bib29]). To analyze whether hypoxia activated Notch signaling in our cells, we measured the mRNA expression level of the Notch target gene *HES1* (*Hairy and enhancer of split 1*) by quantitative PCR (qPCR) and found that it was increased in SCC61, BxPC3, and H1792 cells after 16 h in hypoxia ([Fig. 3 A](#fig3){ref-type="fig"} and [Fig. S3 D](http://www.jcb.org/cgi/content/full/jcb.201209151/DC1){#supp3}). To analyze whether Notch-dependent signaling regulated invadopodia formation under hypoxia, we treated cells with two different γ-secretase inhibitors (GSIs): GSI-IX, also known as DAPT (*N*-\[(3,5-difluorophenyl)acetyl\]-[l]{.smallcaps}-alanyl-2-phenyl\]glycine-1,1-dimethylethyl ester), and the equally selective but more potent GSI-XXI or compound E. As expected, the levels of S3-cleaved (active) NOTCH1 were decreased by DAPT in SCC61 ([Fig. 3 B](#fig3){ref-type="fig"}). Treatment with DAPT abolished the increase in invadopodia formation under hypoxia in SCC61, H1792, PANC-1, and BxPC3 cells ([Fig. 3 B](#fig3){ref-type="fig"} and Fig. S2 D). Compound E had a similar effect (Fig. S2, E and F). The effect of GSI treatment on invadopodia formation in normoxia was lower than in hypoxia, indicating that a hypoxia-specific signaling pathway mediated by Notch increased the formation of invadopodia.

![**Notch signaling mediates hypoxia-induced invadopodia formation.** (A, top) Means ± SD for *HES1* mRNA levels normalized to *18S* ribosomal RNA (rRNA) mRNA in cells transfected with control (C) or HIF-1α siRNAs after 16 h on normoxia (N) or 1% O~2~, *n* = 2. \*, P \< 0.05; \*\*, P \< 0.005. (bottom) Means ± SD for *HES1* mRNA levels normalized to *Actin* mRNA after 16 h of in normoxia or 1% O~2~, *n* = 2. \*, P \< 0.05. (B) Cells forming invadopodia after treatment with DAPT or vehicle in normoxia or 1% O~2~ for 16 h, *n* = 3 for each cell line. \*, P \< 0.05; \*\*, P \< 5 × 10^−5^. (top right) Active (cleaved) NOTCH1 and total NOTCH1 protein levels in cells treated as indicated. (C, left) Cells expressing control or NOTCH1 shRNAs forming invadopodia after 16 h in normoxia or 1% O~2~, *n* = 3. \*, P \< 0.0001. (right) NOTCH1 protein level in cells expressing control or NOTCH1 shRNAs. (D, left) Cells expressing control or NOTCH1 shRNAs forming invadopodia after 16 h in normoxia or 1% O~2~, *n* = 3. \*, P \< 0.001; \*\*, P \< 5 × 10^−5^. (right) NOTCH1 protein level in cells expressing control or NOTCH1 shRNAs. (E) F-actin staining after the indicated treatments from experiment in C. Graphs in B--D are means ± SEM. Bars, 10 µm.](JCB_201209151_Fig3){#fig3}

Components of the Notch signaling pathway in vertebrates comprise four transmembrane receptors (Notch 1--4) and five transmembrane ligands (JAG \[JAGGED\] 1 and 2 and DLLs \[Delta-like ligands\] 1, 3, and 4). All were expressed in SCC61 cells, and all but *JAG1*, *DLL1*, and *DLL4* were expressed in H1792 cells, as measured by RT-PCR ([Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201209151/DC1){#supp4}). Because the active form of Notch1 interacts with HIF-1α before recruitment to Notch-responsive promoters in the nuclei ([@bib29]), we investigated whether NOTCH1, which is expressed in SCC61, BxPC3, and H1792 cells ([Fig. 3, C and D](#fig3){ref-type="fig"}; and Fig. S3 E), was an effector of hypoxia in regulating invadopodia formation.

We generated SCC61, H1792, and BxPC3 cell lines stably expressing two different shRNA sequences that efficiently targeted NOTCH1 ([Fig. 3, C and D](#fig3){ref-type="fig"}; and Fig. S3 E). NOTCH1 knockdown rendered all of the cell lines studied refractory to increased invadopodia formation upon hypoxia ([Fig. 3, C--E](#fig3){ref-type="fig"}; and Fig. S3, E and F) but had minimal effects on the formation of invadopodia in normoxia. A similar effect was observed after transient transfection of SCC61 and BxPC3 with two different siRNAs targeting NOTCH1, ruling out possible off-target effects (Fig. S3, A--C). Consistent with its effect on invadopodia formation, NOTCH1 silencing also diminished the ability of SCC61 and BxPC3 to degrade gelatin in hypoxia, restoring its level to that of normoxia ([Fig. 4, A and B](#fig4){ref-type="fig"}; and Fig. S3 C). Although SCC61 and H1792 cells also express the NOTCH2 receptor, knockdown of NOTCH2 had no effect on invadopodia formation in these cells (Fig. S4, B and C). This result, along with the fact that NOTCH1 knockdown recapitulated the effect of GSI inhibitors, indicated specificity for NOTCH1 versus other Notch receptors in hypoxia-induced invadopodia formation in the cancer cell lines tested.

![**Notch-induced cell contact--dependent signaling regulates invadopodia formation in hypoxia.** (A) Degradation of control (C) or NOTCH1 shRNAs cells incubated for 16 h in normoxia (N) or 1% O~2~, *n* = 3 for each line. \*, P \< 0.05; \*\*, P \< 0.005. (B) Images from experiments in A of cells plated on green fluorescent gelatin and stained with Hoechst. (C) Means ± SD for *JAG2* mRNA levels normalized to *Actin* mRNA in cells transfected with control or HIF-1α siRNAs after 16 h on normoxia or 1% O~2~, *n* = 2. \*, P \< 0.01. (D, left) Cells forming invadopodia after plating on control Fc or Fc-JAG2 and grown as indicated for 16 h, *n* = 3. \*, P \< 0.01; \*\*, P \< 0.001; \*\*\*, P \< 5 × 10^−5^. (right) Representative images of cells plated on Fc or Fc-JAG2 in normoxia showing F-actin at invadopodia. (E, left) Cells forming invadopodia after transfection with control or JAG2 siRNA pool and 16 h in normoxia or 1% O~2~, *n* = 2. \*, P \< 0.01; \*\*, P \< 0.001. (middle) Representative images of invadopodia-associated F-actin in cells from the same experiment. (right) Means ± SD for *JAG2* mRNA levels normalized to *18S* mRNA in cells transfected with control or JAG2 siRNA, *n* = 2. \*, P \< 0.01. Graphs in A, D, and E show means ± SEM. Bars, 10 µm.](JCB_201209151_Fig4){#fig4}

We observed that hypoxia increased the amount of mRNA for the Notch ligand *JAG2* in SCC61 cells in a HIF-1α--dependent manner ([Fig. 4 C](#fig4){ref-type="fig"}), consistent with previous observations in breast cancer cells ([@bib95]). This may be part of the mechanism increasing Notch signaling under hypoxia. In agreement with this possibility, inducing the activation of Notch signaling in normoxia led to an increase in invadopodia formation to a level similar to that observed under hypoxia ([Fig. 4 D](#fig4){ref-type="fig"} and Fig. S4, D and E). We activated Notch in normoxia by plating cells on coverslips covered with recombinant JAG2 ligand, mimicking Notch-induced cell contact--dependent signaling ([@bib74]). The increase in invadopodia formation by active Notch signaling in normoxia was inhibitable by DAPT and not synergistic with hypoxia ([Fig. 4 D](#fig4){ref-type="fig"} and Fig. S4, D and E), indicating that active Notch signaling is necessary and sufficient to drive invadopodia formation. Furthermore, silencing of *JAG2* in SCC61 and H1792 cells abolished the effect of hypoxia on invadopodia formation ([Fig. 4 E](#fig4){ref-type="fig"} and Fig. S4 F), further indicating that cell contact--dependent signaling mediated by the Notch pathway promotes the formation of invadopodia under hypoxia.

Hypoxia increases the levels of the metalloprotease ADAM12 in a Notch-dependent manner
--------------------------------------------------------------------------------------

To gain insight into the downstream mechanism by which cell contact--dependent signaling promotes invadopodia formation, we first analyzed whether the effect of hypoxia on invadopodia formation was mediated by a cell-autonomous or a non--cell-autonomous mechanism. We collected conditioned media (CM) from SCC61 or BxPC3 cells growing in hypoxia for 16 h and added it to cells in normoxia. CM from hypoxic, but not from normoxic, cells induced an increase in invadopodia formation after 6 h of treatment ([Fig. 5 A](#fig5){ref-type="fig"}). This suggests that the effect of hypoxia on invadopodia formation in these cells is, at least in part, mediated by a non--cell-autonomous mechanism. In a different set of experiments, the metalloprotease inhibitor GM6001 prevented the increase in invadopodia formation in hypoxia ([Fig. 5 B](#fig5){ref-type="fig"}). Collectively, these results suggested the implication of a non--cell-autonomous mechanism mediated by a metalloprotease in the induction of invadopodia by hypoxia. Candidates to mediate this effect are the ADAM family of proteases, which modulate signaling by regulated proteolysis of transmembrane proteins, including receptors, cell adhesion molecules, and growth factor precursors ([@bib76]). In support of a role for ADAM proteases in invadopodia formation under hypoxia, we observed a NOTCH1-dependent increase in *ADAM12* mRNA levels in SCC61 after 16 h in hypoxia ([Fig. 5 C](#fig5){ref-type="fig"}), which is consistent with a recent study showing that active Notch signaling in normoxia increases the levels of *Adam12* transcripts in mouse cells ([@bib48]). Our findings suggest that ADAM12 is an effector of hypoxia in cancer cells.

![**Hypoxia regulates invadopodia formation through a non--cell-autonomous mechanism and induces ADAM12 levels.** (A, left) Cells forming invadopodia after 6 h of treatment in normoxia (N) with conditioned medium (CM) from cells grown in normoxia or 1% O~2~ for 16 h, *n* = 3 for each cell line. \*, P \< 0.005; \*\*, P \< 0.001. (right) Invadopodia-associated F-actin in cells from the same experiments. (B) Cells forming invadopodia after treatment with the metalloprotease inhibitor GM6001 in normoxia or 1% O~2~ for 16 h, *n* = 2 for each cell line. \*, P \< 0.05; \*\*, P \< 0.0005; \*\*\*, P \< 10^−5^. (C) Means ± SD of *ADAM12* mRNA levels normalized to *Actin* in cells transfected with control (C) or NOTCH1 siRNAs and cultured in normoxia or 1% O~2~ for 16 h, *n* = 3. \*, P \< 0.005. Graphs in A and B show means ± SEM. Bars, 10 µm.](JCB_201209151_Fig5){#fig5}

ADAM12 is necessary for invadopodia formation in hypoxia
--------------------------------------------------------

To assess whether the increase in the amount of ADAM12 transcripts has functional relevance in invadopodia formation in hypoxia, we transfected SCC61 and H1792 cells with a pool of siRNAs targeting *ADAM12*. In both cases, *ADAM12* silencing abrogated the increase in invadopodia formation induced by hypoxia ([Fig. S5, A and B](http://www.jcb.org/cgi/content/full/jcb.201209151/DC1){#supp5}). To rule out possible off-target effects, we generated cell lines stably expressing two different shRNA sequences specific for *ADAM12*. For both cell lines and with both independent shRNA sequences, we confirmed impairment in hypoxia-induced invadopodia formation when the levels of *ADAM12* remained low ([Fig. 6, A and B](#fig6){ref-type="fig"}; and Fig. S5 D). Invadopodia formation in normoxia was largely independent of ADAM12 in these cells. Furthermore, the effect of ADAM12 in invadopodia formation under hypoxia was mediated by a non--cell-autonomous mechanism because, unlike CM from control cells, CM from ADAM12 knockdown cells grown in hypoxia was not able to induce invadopodia formation when added to cells in normoxia ([Fig. 6 C](#fig6){ref-type="fig"}). Collectively, these data indicate that ADAM12, acting through a non--cell-autonomous mechanism, is necessary for invadopodia formation under hypoxia.

![**ADAM12 is an effector of hypoxia-induced invadopodia formation acting through a non--cell-autonomous mechanism.** (A, left) Cells expressing control (C) or *ADAM12* shRNAs forming invadopodia after 16 h in normoxia (N) or 1% O~2~, *n* = 3. \*, P \< 0.01; \*\*, P \< 10^−5^. (right) Means ± SD of *ADAM12* mRNA levels normalized to *18S* rRNA in control or ADAM12 knockdown cell lines, *n* = 2. \*, P \< 0.05; \*\*, P \< 0.01. (B) Invadopodia-associated F-actin in cells quantified on the left in A. (C, left) Cells forming invadopodia after 6 h of treatment in normoxia with conditioned medium (CM) from control or ADAM12 knockdown cell lines grown in normoxia or 1% O~2~ for 16 h, *n* = 2. \*, P \< 0.005; \*\*, P \< 0.001. (right) F-actin in cells from the same experiment. Graphs in A, B, and E show means ± SEM. Bars, 10 µm.](JCB_201209151_Fig6){#fig6}

HB-EGF is necessary for hypoxia-induced invadopodia formation
-------------------------------------------------------------

ADAM12 mediates the ectodomain shedding of HB-EGF, a ligand for ErbB1 (EGFR) and ErbB4. HB-EGF is synthesized as a transmembrane protein (pro-HB-EGF) susceptible to ectodomain shedding, which releases soluble HB-EGF to the extracellular space. This process increases the availability of the ligand to the receptor in the same and/or in neighboring cells. We hypothesized that the Notch-dependent increase of ADAM12 in hypoxia may lead to increased ectodomain shedding of HB-EGF, which in turn would increase invadopodia formation.

We first analyzed whether HB-EGF affected invadopodia formation. Treatment of SCC61, BxPC3, and H1792 cells with recombinant soluble HB-EGF increased the number of cells forming invadopodia in normoxia ([Fig. 7, A and B](#fig7){ref-type="fig"}). To analyze whether HB-EGF--dependent signaling affects hypoxia-induced invadopodia formation, we inhibited HB-EGF signaling by two independent methods. Treatment of cells with a specific HB-EGF--blocking antibody ([@bib72]) significantly reduced the number of cells forming invadopodia in hypoxia to a level similar to that of normoxia when compared with IgG control-treated cells ([Fig. 7 C](#fig7){ref-type="fig"}). In a second approach, we used the HB-EGF--specific inhibitor CRM-197, which binds and inhibits pro-HB-EGF and soluble HB-EGF but not EGF ([@bib59]). Treatment of cells with CRM-197 had an effect comparable to the HB-EGF--blocking antibody in invadopodia formation under hypoxia ([Fig. 7 D](#fig7){ref-type="fig"}). Furthermore, inhibition of EGFR tyrosine kinase activity with Gefitinib also abrogated the increase in invadopodia formation in SCC61 and BxPC3 cells after hypoxia ([Fig. 7 E](#fig7){ref-type="fig"}), suggesting that activation of the EGFR by HB-EGF may mediate invadopodia formation in hypoxia. Whereas blockade of HB-EGF signaling had minimal effects on invadopodia formation in normoxia, inhibition of EGFR in SCC61 also abrogated invadopodia formation in normoxia ([Fig. 7 E](#fig7){ref-type="fig"}), suggesting that SCC61 cells are highly dependent on EGFR signaling for invadopodia formation. Together, these results indicate that HB-EGF is an effector of hypoxia and that HB-EGF--dependent signaling is necessary and sufficient for hypoxia-induced invadopodia formation.

![**HB-EGF mediates hypoxia-induced invadopodia formation.** (A) Cells forming invadopodia after treatment with HB-EGF for 6 h in normoxia, *n* = 3 for each cell line. \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 5 × 10^−5^. (B) Invadopodia-associated F-actin in cells quantified in A. (C) Cells forming invadopodia after treatment with blocking HB-EGF antibody or IgG control for 16 h in normoxia (N) or 1% O~2~, *n* = 3 for each cell line. \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 10^−5^. (D) Cells forming invadopodia after treatment with CRM-197 for 16 h in normoxia or 1% O~2~, *n* = 3 for each cell line. \*, P \< 0.05; \*\*, P \< 0.001; \*\*\*, P \< 10^−5^. (E) Cells forming invadopodia after treatment with Gefitinib or vehicle for 16 h in normoxia or 1% O~2~, *n* = 3 for each cell line. \*, P \< 0.01; \*\*, P \< 0.005. Graphs show means ± SEM. Bars, 10 µm.](JCB_201209151_Fig7){#fig7}

Hypoxia promotes ADAM12-dependent shedding of HB-EGF in a Notch-dependent manner
--------------------------------------------------------------------------------

The increased levels of *ADAM12* mRNA in hypoxia, along with the requirements for both ADAM12 (in a non--cell-autonomous manner) and HB-EGF in invadopodia formation in hypoxia, provide strong circumstantial evidence that ADAM12-dependent HB-EGF shedding regulates hypoxia-induced invadopodia formation. In agreement with this, the metalloprotease inhibitor KB-R7785, a potent inhibitor of HB-EGF shedding that binds to ADAM12 ([@bib6]), diminished the effect of hypoxia in invadopodia formation in SCC61 cells (Fig. S5 C). To provide direct evidence in support of our hypothesis, we generated HB-EGF--shedding reporter cell lines stably expressing a chimeric HB-EGF protein fused to the enzymatic domain of human placental AP, referred to as AP tag HB-EGF ([@bib86]). Shedding of HB-EGF in these cells can be quantified by measuring the activity of AP in the CM. To analyze the effect of hypoxia in HB-EGF shedding, cells were cultured in normoxia or hypoxia for 16 h. Medium was replaced by fresh medium containing 12-*O*-tetradecanoylphorbol 13-acetate (TPA), an inducer of HB-EGF shedding ([@bib27]), and AP activity was measured in the CM after 1 h in normoxia. In agreement with our hypothesis, SCC61 or BxPC3 cells expressing AP-tagged HB-EGF exhibited a significant increase in HB-EGF shedding after hypoxia ([Fig. 8, A and B](#fig8){ref-type="fig"}). Treatment with the Notch inhibitor compound E decreased HB-EGF shedding after hypoxia, indicating that hypoxia-induced HB-EGF shedding is dependent on Notch activation ([Fig. 8, A and B](#fig8){ref-type="fig"}). In addition to the quantitative data obtained by measuring AP activity in the CM, we assessed the subcellular localization of the AP-tagged HB-EGF protein by immunofluorescence using an AP antibody. Whereas AP-tagged HB-EGF was largely localized to the plasma membrane in SCC61 cells cultured in normoxia, the protein was absent from the plasma membrane upon 16 h in hypoxia, consistent with the shedding of the AP-containing HB-EGF fragment from the cell surface ([Fig. 8 C](#fig8){ref-type="fig"}). When treated with the Notch inhibitor compound E in hypoxia, the AP-tagged HB-EGF protein was still retained at the plasma membrane in some cells ([Fig. 8 C](#fig8){ref-type="fig"}), consistent with the decreased shedding activity quantified previously ([Fig. 8 A](#fig8){ref-type="fig"}).

![**Hypoxia induces HB-EGF ectodomain shedding in a NOTCH-dependent manner.** (A) HB-EGF shedding of SCC61 AP-tagged HB-EGF cells in normoxia (N) or 1% O~2~ for 16 h. Graphs represent means ± SD of AP activity values in the CM, *n* = 4. \*, P \< 0.01; \*\*, P \< 0.0005. (B) HB-EGF shedding of BxPC3 AP-tagged HB-EGF cells cultured in normoxia or 1% O~2~ for 16 h. Graph represent means ± SD of AP activity values, *n* = 3. \*, P \< 0.0005. (C) AP-tagged HB-EGF subcellular localization (anti-AP) after the indicated treatments. Arrows point to cells with plasma membrane-localized AP--HB-EGF. Bars, 10 µm. (D, left) HB-EGF shedding of SCC61 AP-tagged HB-EGF cells transfected with the indicated siRNAs control after 16 h in normoxia or 1% O~2~, *n* = 4. (right) HB-EGF shedding of SCC61 AP-tagged HB-EGF cells transfected with control or JAG2 siRNA and cultured in normoxia or 1% O~2~ for 16 h, *n* = 2. Graphs show means ± SD for AP activity. \*, P \< 0.001. Comp E, compound E.](JCB_201209151_Fig8){#fig8}

To further analyze the role of hypoxia-induced Notch signaling in the ADAM12-dependent shedding of HB-EGF in cancer cells, we measured the shedding of HB-EGF under normoxia or hypoxia in SCC61 cells after knockdown of ADAM12, NOTCH1, or JAG2 with siRNA pools. The increase in the shedding of HB-EGF under hypoxia was prevented by the knockdown of each protein ([Fig. 8 D](#fig8){ref-type="fig"}), further indicating that the shedding of HB-EGF by ADAM12 is regulated by hypoxia in a Notch signaling--dependent manner.

The expression of ADAM12 is elevated in hypoxic areas of malignant tumors
-------------------------------------------------------------------------

Our results indicate that ADAM12 is an effector of hypoxia in cancer cells. To explore the physiological relevance of this finding, we searched genomic databases for the expression of *HIF-1α* and *ADAM12* in normal versus lung cancer tumor samples. The comparison of 15 independent analyses, on a total of 256 normal and 456 lung cancer samples, indicated that both *ADAM12* and *HIF-1α* were frequently overexpressed in tumor samples ([Fig. 9 A](#fig9){ref-type="fig"}). A representative analysis ([@bib36]) revealed overexpression gene ranks of top 14% for *HIF-1α* and top 4% for *ADAM12* ([Fig. 9 B](#fig9){ref-type="fig"}). Because the regulation of HIF-1α is mainly posttranscriptional ([@bib64]), we analyzed the expression of HIF-1α and ADAM12 by immunohistochemistry on lung tumor sections. The expression of ADAM12 was increased in areas of high nuclear HIF-1α staining when compared with areas of very low or undetectable nuclear HIF-1α, as detected in tumor samples from three independent donors ([Fig. 9 C](#fig9){ref-type="fig"} shows two different areas of one representative tumor). Costaining revealed frequent colocalization of ADAM12 staining in cells expressing high levels of nuclear HIF-1α ([Fig. 9 D](#fig9){ref-type="fig"}). These results indicated that ADAM12 is overexpressed in hypoxic areas of malignant tumors and suggest that ADAM12 is an effector of hypoxia in cancer cells in vivo.

![**HIF-1α and ADAM12 expression in human tumor samples.** (A) Oncomine was used to compare *HIF-1α* and *ADAM12* expression across 15 independent analyses of normal versus tumor lung samples. Color scale represents over- or underexpression ranks. (1--4) [@bib8]; (5--8) [@bib26]; (9 and 10) [@bib36]; (11) [@bib44]; (12) [@bib81]; (13) [@bib83]; (14) [@bib84]; (15) [@bib88]. (B) Box and whisker plots for *HIF-1α* and *ADAM12* gene expression from analysis 9 in A. Dots are maximum and minimum values, lines are the medians, boxes are 75th and 25th percentiles, and whiskers are the 90th and10th percentiles. (C) Immunohistochemistry for HIF-1α and ADAM12 in consecutive sections of different areas of a lung cancer tumor sample. Bottom images are magnifications of the areas in squares. Bars: (top) 100 µm; (bottom) 25 µm. (D) Costaining for HIF-1α and ADAM12 on sections from the same tumor. Bottom images are magnifications of the areas in squares. Arrows, cells with strong colocalization of HIF-1α and ADAM12 signals. Bars: (top) 75 µm; (bottom) 30 µm.](JCB_201209151R_Fig9){#fig9}

Collectively, our results indicate that cell--cell communication regulates the proinvasive response of cells to hypoxia by coupling contact-dependent signaling mediated by Notch, with paracrine signaling mediated by the release of HB-EGF and the activation of the EGFR. These findings point to ADAM12 as an effector of hypoxia and HB-EGF as an effector of Notch. We propose a model ([Fig. 10](#fig10){ref-type="fig"}) in which contact-dependent signaling mediated by Notch activates paracrine (as well as autocrine and juxtacrine) signaling through the ADAM12-dependent release of HB-EGF and activation of the EGFR. Hypoxia is revealed here as an instructive signal that induces a non--cell-autonomous proinvasive response within a given cancer cell population through the interplay between cell contact--dependent and paracrine signaling.

![**Proposed model for increased invadopodia formation through Notch-dependent shedding of HB-EGF by ADAM12 downstream hypoxia.** In cells within hypoxic areas (yellow), the levels of HIF-1α are stabilized, and Notch signaling is activated, at least in part, by increasing the levels of the ligand JAG2. After ligand to receptor binding, the γ-secretase complex cleaves NOTCH1 releasing the intracellular domain of the NOTCH1 fragment (NIC) that translocates to the nucleus (N) of the signal-receiving cell. Activated Notch increases ADAM12 levels, whose activity induces the ectodomain shedding of pro-HB-EGF. Released HB-EGF binds to EGF receptors (EGFR) in the same, adjacent, or distant cells. Activation of EGFR by HB-EGF leads to increased formation of invadopodia (orange). Paracrine signaling through HB-EGF released by hypoxic cells may promote invadopodia formation in cells located in normoxic regions (white), which suggest cross talk between normoxic and hypoxic areas of tumors.](JCB_201209151_Fig10){#fig10}

Discussion
==========

Cell invasion is fundamental for some biological processes, including patterning of the embryo and adult immune surveillance. Although invasive ability is restricted for most cells in adult tissues, that restriction is lost in cancer, in which normally noninvasive cell types acquire invasiveness and spread into surrounding tissues. Although important progress has been made in understanding the cell-autonomous pathways that regulate cell invasiveness, the non--cell-autonomous pathways are less well understood. The integration of cell-autonomous and non--cell-autonomous pathways underlies the regulation of invasiveness at the cell population level.

We describe here a signaling pathway that regulates invasiveness by coupling cell contact--dependent signaling (mediated by hypoxia-activated Notch) with the paracrine activation of the EGFR (mediated by the ADAM12-dependent release of HB-EGF). We propose that this pathway represents a mechanism by which cells acquire the coordinated ability to invade during cancer. We further hypothesize that normal cells might use a similar mechanism to invade in a coordinated manner during physiological invasion. Furthermore, this mechanism might mediate the cross talk between normoxic and hypoxic regions of tumors to regulate collective cell invasion.

Contact-dependent signaling and cancer cell invasion
----------------------------------------------------

Pathological hypoxia promotes cancer cell invasion and metastasis ([@bib100]; [@bib11]; [@bib35]), and Notch is an effector of hypoxia in different types of cancer cells, including melanoma ([@bib7]), breast cancer ([@bib15]), and lung cancer ([@bib17]). However, the signaling mechanisms by which hypoxia and Notch interact are far from understood. Most Notch receptors and ligands are expressed by both tumor and stromal cells and, therefore, may mediate either homotypic signaling between cancer cells or heterotypic signaling between cancer cells and tumor stromal cells. For instance, JAG1 in cancer cells binds to receptors on endothelial cells to promote tumor angiogenesis ([@bib102]) or to receptors on the metastatic bone stroma to promote bone metastasis ([@bib78]). The specific role of homotypic Notch signaling in vivo has been more difficult to dissect because inhibition of Notch signaling by GSIs targets both tumor and stroma, and activation of Notch by overexpressing the full-length or cleaved (active) form of the receptor often bypasses the need for ligand binding. Using an in vitro system, we show that homotypic Notch signaling is both necessary and sufficient to increase the formation of invadopodia and therefore to promote cell invasiveness.

Our results indicate a positive role for NOTCH1 in cancer invasion. Although oncogenic mutations in human NOTCH1 have been described in hematological malignancies ([@bib93]), recent studies describe putative tumor-suppressive mutations in cutaneous and lung carcinomas ([@bib91]) and in a subset of head and neck carcinomas ([@bib3]; [@bib82]). Although the tumor-suppressive effect of these mutations remains to be experimentally tested, the effects of Notch are clearly context dependent. For instance, decreasing Notch signaling with GSI treatment has therapeutic effects in a KRas-driven mouse model of lung cancer ([@bib53]), whereas genetic ablation of the Notch effector CSL in the normal skin mesenchymal compartment promotes field cancerization, thus increasing the risk of skin cancer in mice ([@bib37]). The cross talk between Notch and other signaling pathways in both physiological and pathological contexts is fundamental to the outcome of Notch signaling. We show here that the Notch pathway and the EGFR pathway are coupled during hypoxia to drive invadopodia formation. This provides a contextual framework in which NOTCH1 potentiates cell invasion.

Cross talk between Notch and EGFR pathways through ADAM12 function
------------------------------------------------------------------

ADAM12 and HB-EGF are revealed here as novel effectors of hypoxia in cellular invasion. The role of ADAM12 in promoting invadopodia under hypoxia is in agreement with studies showing that ADAM12 contributes to tumor growth and metastasis in orthotopic breast tumor xenografts ([@bib71]) as well as tumor growth in a mouse model of prostate cancer ([@bib66]). Furthermore, ADAM12 is a candidate breast cancer gene ([@bib79]), is overexpressed in malignant breast tissue and metastatic lymph nodes ([@bib43]; [@bib45]; [@bib71]), human glioblastoma ([@bib39]), lung adenocarcinoma ([@bib69]), and head and neck cancer ([@bib70]; [@bib55]), and is a prognostic factor in resected lung adenocarcinoma ([@bib58]). However, the mechanisms by which ADAM12 affects cancer progression remain largely unknown. Our finding that ADAM12 activity is increased by hypoxia in tumor cells and potentiates the formation of invadopodia provides a mechanism to explain its ability to facilitate invasion and metastasis and indicates that ADAM12 levels and activity may be regulated by microenvironmental conditions. Although the knockdown of *ADAM12* had minimal effects on invadopodia formation in normoxia, treatment with GM6001, which inhibits HB-EGF shedding ([@bib60]; [@bib96]; [@bib89]), also affected invadopodia formation in normoxia, albeit to a lower extent. This is in agreement with a previous study ([@bib18]) and may reflect the inhibition of additional GM6001 targets in normoxia. ADAM12 binds to the invadopodia component Tks5, localizes to invadopodia in Src-transformed mouse fibroblasts ([@bib1]), and translocates to the plasma membrane upon phosphorylation by Src ([@bib80]). It is possible that ADAM12 localizes to invadopodia in cancer cells through binding to Tks5 and/or Src and promotes the local shedding of HB-EGF at invadopodia, as suggested previously ([@bib4]). Further investigation will help understand the interplay between endogenous ADAM12 and invadopodia as well as the suggested role of invadopodia as sites of localized ectodomain shedding activity.

We describe that ADAM12-mediated shedding of HB-EGF is increased under hypoxia in a Notch-dependent manner and that released HB-EGF mediates invadopodia formation by EGFR-dependent signaling. HB-EGF has been shown to be highly expressed in different tumor tissues, including pancreatic ductal adenocarcinomas ([@bib89]). Furthermore, HB-EGF is overexpressed in breast cancer cells that specifically metastasize to the brain ([@bib9]). Soluble HB-EGF increased the number of cells forming invadopodia, and inhibition of HB-EGF by CRM-197 reverted the effect. Consistent with a positive role of HB-EGF in tumor progression, different studies describe the antitumoral effects of CRM-197 ([@bib20]; [@bib85]). HB-EGF is likely to affect invadopodia formation through binding to EGFR because Gefitinib inhibited the increase in invadopodia formation induced by hypoxia. Inhibition of EGFR with Gefitinib, but not inhibition of HB-EGF by a blocking antibody or CRM-197 treatment, inhibited invadopodia formation in normoxia, indicating that other EGFR ligands mediated EGFR signaling in invadopodia in normoxia. Indeed, EGF induces invadopodia formation through EGFR signaling in rat mammary adenocarcinoma cells ([@bib98]). The specific signaling mechanisms by which HB-EGF induces invadopodia formation remain to be analyzed.

Although ADAM12 is the main sheddase for HB-EGF ([@bib6]; [@bib73]), some pancreatic cancer cell lines, including the BxPC3 cells used in this study, do not have detectable levels of *ADAM12*. However, these cells still displayed increased shedding of HB-EGF, which was necessary for hypoxia-induced invadopodia formation downstream of Notch. This raises the question of which protease is responsible for HB-EGF shedding after hypoxia in pancreatic cells lacking ADAM12 expression. Candidates are ADAM15 and ADAM9, which are highly expressed in pancreatic tumors ([@bib97]). Further experiments will be necessary to characterize the potential role of these ADAM family members as mediators of hypoxia-induced invadopodia formation.

Notch, invadopodia, and epithelial to mesenchymal transition (EMT) in cancer
----------------------------------------------------------------------------

Hypoxia and NOTCH signaling promote migration and invasion of cancer cells through the stabilization of Snail-1 and the induction of EMT ([@bib74]). Invadopodia might underlie these effects in invasion because they are induced by Snail and Twist-1 ([@bib22]). Several components of the pathway we described play a role in EMT, including Notch ([@bib101]) and HB-EGF ([@bib89]). Furthermore, TGF-β, which induces EMT, up-regulates *ADAM12* transcripts in human liver cells ([@bib46]). We have not observed clear evidence of EMT in any of the cell lines subjected to hypoxia for 16 h, perhaps because longer times are required for hypoxia to induce EMT ([@bib47]; [@bib74]) or perhaps because of differences in the susceptibility to EMT of the cell lines used. However, we cannot rule out the possibility that a program of EMT has been already activated after 16 h of hypoxia in our cells. Further investigation will be needed to elucidate the relationship between the induction of invadopodia under hypoxia and the process of EMT in cancer.

The relevance of nonautonomous signaling mechanisms to regulate cell invasion
-----------------------------------------------------------------------------

The mechanisms that mediate cell--cell communication within tumors are largely unknown. If the signaling pathway we describe here operates inside tumors, as suggested by the expression of ADAM12 in hypoxic areas of lung tumor sections, hypoxia-mediated Notch activation might lead to the synchronized acquisition of invasive ability by groups of cancer cells. It is tempting to speculate that the formation of invadopodia in a synchronized manner (through cell contact--dependent signaling mediated by Notch) may be a mechanism underlying the phenomenon of collective cell invasion ([@bib24]).

Whereas invadopodia formation in the hypoxic regions of a tumor would directly depend on the hypoxic conditions, the release of soluble HB-EGF by cells in hypoxia might induce the formation of invadopodia in normoxic cells at a distance from the hypoxic region (determined by the diffusion limit of HB-EGF). Indeed, the hypoxic core of tumors is often located at a distance from the invasive front. This mechanism might mediate the cross talk between the hypoxic and normoxic regions of a tumor to potentiate cellular invasion in a non--cell-autonomous manner. In that context, hypoxia would be an instructive signal able to induce synchronized invasiveness to distant cells in normoxia.

In summary, we propose a complex signaling pathway that regulates cell invasiveness in a non--cell-autonomous manner by coupling cell contact--dependent signaling and paracrine signaling downstream hypoxia. These findings have important implications in understanding cell--cell communication and the regulation of cancer cell invasion.

Materials and methods
=====================

Cell lines
----------

SCC61 cells (head and neck squamous cell carcinoma) were obtained from A. Weaver (Vanderbilt University Medical Center, Nashville, TN) and grown in DMEM containing 20% FBS and 4 µg/ml hydrocortisone (Sigma-Aldrich); NCI-H1792 and NCI-H23 lung cancer cells (a gift from J. Minna and A. Gazdar, University of Texas Southwestern, Dallas, TX) and BxPC3 pancreatic cancer cells (purchased from American Type Culture Collection) were grown in RPMI 1640 containing 10% FBS. PANC-1 and SU.86.86 pancreatic cancer cells (purchased from American Type Culture Collection) were grown in DMEM containing 10% FBS. FBS was obtained from HyClone. RPMI 1640 and DMEM (4.5 g/liter glucose) were purchased from Corning. All experiments were performed in complete medium in the absence of antibiotics.

Hypoxia treatment
-----------------

Unless otherwise stated, cells were incubated for 16 h in a 1% O~2~ and 5% CO~2~ atmosphere in a humidified chamber in an incubation system (Xvivo; BioSpherix).

Reagents and antibodies
-----------------------

DAPT was purchased from Tocris Bioscience, TPA was purchased from Sigma-Aldrich, Echinomycin and compound E were obtained from Enzo Life Sciences, GM6001 was obtained from EMD, CRM-197 was obtained from BioAcademia, Gefitinib was purchased from Selleck Chemicals, and recombinant human HB-EGF was obtained from R&D Systems. Primary antibodies were HIF-1α (BD for immunoblotting and Novus Biologicals for immunohistochemistry), Notch1 (D1E11) and active Notch1 (D3B8; both obtained from Cell Signaling Technology), placental AP (H-330; Santa Cruz Biotechnology, Inc.), HB-EGF (AF-259; R&D Systems), ADAM12 (Proteintech), and γ-tubulin (Sigma-Aldrich). Goat IgG control was obtained from Santa Cruz Biotechnology, Inc. Alexa Fluor 568--conjugated phalloidin and Alexa Fluor 594-- or Alexa Fluor 488--conjugated goat secondary antibodies for immunofluorescence were obtained from Invitrogen.

RNAi and treatment with inhibitors
----------------------------------

siRNA oligos targeting HIF-1α (J-004018-08 and J004018-10), NOTCH1 (J-007771-10 and J-007771-12), NOTCH2 (pool, J-0171870-00-0005), ADAM12 (pool, L005118-00-0005), and JAG2 (pool, L-012235-00-0005) as well as nontargeting controls were obtained from Thermo Fisher Scientific. siRNA oligos were transfected at 20 nM (individual) or 80 nM (pools) using Lipofectamine 2000 (Invitrogen). 48 h later, cells were trypsinized and counted, and 4 × 10^4^ cells were seeded on 18-mm glass in 12-well plates, transferred to hypoxia, and processed for invadopodia quantification or activity 16 h later. For RNA or protein extraction, 5--7 × 10^5^ cells were plated in 60-mm dishes, transferred to hypoxia, and processed 16 h later. shRNA lentiviral constructs targeting NOTCH1 (TRCN0000350330 and TRCN0000003359) and ADAM12 (TRCN0000047033 and TRCN0000047034) were obtained from Sigma-Aldrich. Lentiviral particles were generated by the Sanford Burnham Medical Research Institute (SBMRI) viral vector shared resource. After lentiviral infection, cells were selected with Puromycin (ECM Biosciences) at a final concentration of 5 µg/ml (SCC61) or 2 µg/ml (H1792 and BxPC-3) for 7--10 d before performing the experiments. Treatment with inhibitors was performed at the time of plating.

DNA constructs
--------------

The AP-tagged HB-EGF--expressing construct was described before ([@bib86]). A fragment containing the AP-tagged HB-EGF--encoding DNA was subcloned into the lentiviral expression construct pCDH-CMV-MCS-EF1-neomycin (System Biosciences). Lentiviral particles were generated by the SBMRI viral vector shared resource. Cells were selected with G418 (ECM Biosciences) at a final effective concentration of 300 µg/ml for SCC61 cells and 400 µg/ml for BxPC3 cells for 7--10 d before performing experiments.

Immunoblotting
--------------

For HIF-1α immunoblotting, the nuclear fraction was extracted by lysing cells in a hypotonic NP-40--based lysis buffer for 30 min on ice. The lysate was spun 5 min at 2,500 rpm at 4°C, and the pellet containing nuclei was washed five times with the same lysis buffer. The pellet was then resuspended in a hypertonic lysis buffer, incubated 30 min on ice, and spun 15 min at 14,000 rpm at 4°C. Samples were separated in 8% polyacrylamide gels (Invitrogen). For NOTCH1 immunoblotting, cells were lysed in a Triton X-100--based lysis buffer. Cleared lysate was assayed for total protein content using the bicinchoninic acid protein assay (Thermo Fisher Scientific), and 80--100 µg of total protein per sample was separated in an 8% polyacrylamide gel (Invitrogen). Secondary antibodies were conjugated to Alexa Fluor 680 (Invitrogen) or IR800 (Rockland Immunochemicals), and membranes were scanned using an infrared imaging system (Odyssey; LI-COR Biosciences).

RNA extraction and qPCR
-----------------------

RNA was extracted with RNeasy kit (QIAGEN). cDNA synthesis was performed using a reverse transcriptase kit (SuperScript III First-Strand; Invitrogen). qPCR was performed by the SBMRI Gene Analysis Core facility using qPCR SuperMix power SYBR green (Applied Biosystems) and a real-time cycler (Mx3000P; Agilent Technologies). Actin or 18S mRNAs were used as normalizers.

Invadopodia detection and gelatin degradation assay
---------------------------------------------------

Cells were fixed in 4% PFA (Electron Microscopy Sciences) in PBS for 20 min at RT, incubated in 3% BSA and 0.1% Triton X-100 in PBS for 30 min at RT, and incubated with Alexa Fluor 568--conjugated phalloidin (1:100--1:500 in PBS containing 0.3% BSA and 0.1% Triton X-100) for 1 h at RT. For each independent experiment, the number of cells forming invadopodia was quantified in ≥15 microscope fields (40×) imaged randomly and representing a total of ∼150 cells per experimental condition. For gelatin degradation assays, sterile coverslips were coated with a thin layer of Oregon green gelatin obtained from Invitrogen (0.2 mg/ml in PBS containing 2% sucrose), fixed in 0.5% glutaraldehyde for 15 min, washed in PBS, and incubated with 5 mg/ml sodium borohydride for 3 min at RT. After washing in PBS, coverslips were transferred to sterile multiwell plates and incubated in complete growth medium for 30 min at 37°C. Cells were plated on top and incubated in normoxia or hypoxia as indicated. After processing for F-actin staining, images were randomly taken at 40× for ≥15 fields per experiment. The percentage of degraded area normalized to the number of nuclei in that area was represented as "degradation." The percentage of degraded area was quantified with ImageJ (National Institutes of Health).

Treatment with CM
-----------------

SCC61 (2 × 10^5^ cells per well) or BxPC3 (1.5 × 10^5^ cells per well) were plated in 24-well plates in 0.5 ml of growing media and transferred to hypoxia or left in normoxia for 16 h. Medium was collected, spun, and immediately used to treat cells for 6 h in normoxia. Cells were processed for invadopodia staining, and invadopodia numbers were quantified.

Notch activation
----------------

Notch was activated by using immobilized recombinant human JAG2 according to a previous protocol with some modifications ([@bib74]). Glass coverslips were coated overnight at RT with 100 µg/ml recombinant protein G (Invitrogen) in PBS. After three washes in PBS, coverslips were blocked with 10 mg/ml BSA in PBS for 2 h at RT, washed with PBS, and incubated with recombinant human JAG2 fragment crystallizable (Fc) chimera (R&D Systems) or purified human IgG Fc fragment (EMD Millipore) at 2 µg/ml in PBS containing 1 mg/ml BSA for 4--6 h at RT. Coverslips were washed, and cells (4 × 10^4^) were plated on top and incubated in normoxia in the presence of DAPT or DMSO. After 16 h, cells were processed for quantification of invadopodia.

Immunofluorescence
------------------

AP staining was performed in the absence of detergents. Cells were fixed in 4% PFA. The AP antibody was used at 1:200 dilution overnight at 4°C. Cells were washed and incubated 1 h in PBS containing 0.3% BSA and 1:500 dilution of Alexa Fluor 488--conjugated anti--rabbit antibody.

Microscopy
----------

Fluorescence microscopy images were obtained with a fluorescent microscope (Axioplan 2; Carl Zeiss) equipped with a charge-coupled device camera (AxioCam HRm; Carl Zeiss) and AxioVision software (Carl Zeiss). Images were acquired at RT at either 40 or 63× using Plan Neofluar 40×/0.75 NA or Plan Apochromat 63×/1.40 NA oil differential interference contrast objectives, respectively. Images in [Fig. 8](#fig8){ref-type="fig"} were inverted using Photoshop (Adobe).

Shedding experiments
--------------------

Shedding experiments were performed essentially as previously described ([@bib86]) with minor modifications. AP--HB-EGF--expressing cells were plated in 24-well plates (10^5^ cells per well for SCC61; 1.5 × 10^5^ cells per well for BxPC3) and transferred to hypoxia (1% O~2~) 5 h after plating. After 16 h on hypoxia, cells were washed three times in PBS and incubated in 0.5 ml DMEM with 4.5 g/liter glucose without phenol red (Invitrogen) containing 60 nM TPA for 1 h in normoxia. CM was collected and spun for 5 min at 14,000 rpm. AP activity in the CM was assayed immediately using an AP activity kit (BioVision) in 80--100 µl of sample in quadruplicate in a 96-well assay plate. Incubation was performed at 37°C in the dark until color developed. Colorimetry was performed using an absorbance microplate reader (ELx800; BioTek Instruments, Inc.) with absorbance set at 405 nm. For normalization, each well containing cells was lysed in 100 µl Triton X-100--based lysis buffer, and protein content in the cleared lysate was calculated using the bicinchoninic acid assay. Colorimetric values for AP activity were normalized to the protein content (micrograms per milliliter) of the cells in the corresponding well. When indicated, cells were treated with inhibitors or vehicle at the time of plating, and fresh inhibitors or vehicle was added to the shedding media containing TPA. For siRNA experiments, cells were transfected 48 h before plating and assayed for AP activity 60 h after transfection.

Statistical analysis
--------------------

All experiments were reproduced at least three times with similar results. In the figure legends, *n* is the number of experimental replicates averaged in a graph. Statistical significance was determined by calculating the p-value using the paired Student's *t* test.

Bioinformatics
--------------

The Oncomine database (Compendia Bioscience) was used to compare gene expression profiles for *HIF-1α* and *ADAM12* between normal and lung cancer samples. The rank of a gene is the median rank for that gene across each of the analyses, and the p-value for a gene is the p-value for the median-ranked analysis. P-values were calculated by Oncomine using Student's *t* test.

Immunohistochemistry
--------------------

Lung tumor samples embedded in paraffin were obtained from the SBMRI tumor bank. Adjacent tumor sections were stained with HIF-1α or ADAM12 antibodies (1:50) according to manufacturer's instructions. Signal was developed with DAB or Alexa Fluor 488-- or Alexa Fluor 546--conjugated antibodies. Slides were digitalized using slide scanner (ScanScope XT; Aperio), and images were exported as JPEGs.

Online supplemental material
----------------------------

Fig. S1 shows quantification of invadopodia in H23, H1792, PANC-1, and SU.86.86 cells. Fig. S2 shows quantification of invadopodia and *GLUT1* mRNA levels in SCC61 after HIF-1α siRNA transfection, quantification of invadopodia after Echinomycin treatment on SCC61, and GSI treatment on PANC-1, SCC61, and BxPC3 cells. Fig. S3 shows quantification of invadopodia after Notch1 siRNA transfection on SCC61, H1792, and BxPC3 cells. Fig. S4 shows expression of Notch signaling pathway components in SCC61 and H1792 cells, effect of Notch2 knockdown on invadopodia formation in hypoxia, and invadopodia quantification after activation of Notch by recombinant JAG2 in BxPC3 and H1792 cells and, after JAG2 siRNA treatment, in H1792 cells. Fig. S5 shows quantification of invadopodia after ADAM12 siRNA in SCC61 and H1792 cells and, after ADAM12 shRNA, in H1792 cells. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201209151/DC1>. Additional data are available in the JCB DataViewer at <http://dx.doi.org/10.1083/jcb.201209151.dv>.
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